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Abstract 
Microbial responses to unconventional oil and gas development may alter ecosystem 
function in headwater streams 
Rachel Michaels 
The demand for natural gas, and the need for efficient extraction, has led to the 
development of unconventional oil and natural gas (UOG) techniques. Due to the novelty of 
UOG, the potential impacts to freshwater ecosystems are not fully understood. We used a dual 
pronged approach to study the effects of UOG development on microbial biodiversity and 
function via a laboratory microcosm experiment and a survey study of streams with and without 
UOG development within their watersheds. The laboratory microcosm study simulated stream 
contamination with produced water, a byproduct of UOG operation, using sediment collected 
from one high water-quality stream and two low water-quality streams. For the survey study, 
biofilm and sediment samples were collected from streams experiencing varying levels of UOG 
development. In the microcosm study, microbial community composition differed significantly 
between streams, and produced water altered microbial function. Specifically, there was a 
negative effect on microbial aerobic and anaerobic CO2 production in the high water-quality 
stream sediment but a positive effect on this microbial activity in the lower water-quality stream 
sediments, suggesting habitat degradation alters the response of microbes to contaminants. 
Results from the stream survey study indicated UOG development alters aerobic and anaerobic 
CO2 production, microbial community composition, as well as stream water temperature and 
chemistry. Correlations among UOG associated land use, environmental, and microbial variables 
suggest increases in light availability and sediment delivery to streams, due to deforestation and 
land disturbance, impact stream microbial communities and their function. Consistent changes in 
the proportional abundance of bacterial families suggest microorganisms may be good indicators 
of the environmental changes associated with UOG development. The observed impacts of UOG 
development on microbial community composition and carbon cycling could have cascading 
effects on stream health and broader ecosystem function. 
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Introduction 
Hydraulic fracturing, a method of unconventional oil and gas (UOG) extraction, alters 
land use within watersheds and may impact microbial processes in headwater streams. 
Headwater streams are biogeochemically active systems due to their hydrological regimes and 
bacterial communities in sediment and biofilm (Battin et al., 2016; Harjung et al., 2019). These 
communities are recognized as major contributors to both the carbon and nitrogen cycle through 
the degradation of organic matter, carbon fixation, primary productivity, the uptake and 
denitrification of nitrate in streams, making them crucial to stream ecosystem function (Kasting 
& Siefert, 2002; Battin et al., 2016; Fellows et al., 2006).  
Headwater streams have high connectivity with surrounding terrestrial ecosystems 
through allochthonous inputs (e.g., dissolved nutrients, fine and course particulate organic 
matter) which influence not only the physical and chemical characteristics of streams but also 
their biodiversity and productivity (Lowe & Likens, 2005). Due to this connectivity, headwater 
streams are particularly vulnerable to environmental disturbances occurring within watersheds 
(Lowe & Likens, 2005). Microbial communities in headwater stream ecosystems are of 
particular interest for assessing environmental perturbations because anthropogenic stress is 
often observed at the lowest trophic levels, and microorganisms can readily adapt to 
environmental conditions (Nuy et al., 2018). 
Recent research has identified that natural gas in the United States is largely retrieved 
from the Marcellus Shale formation, which underlies the highly forested Appalachian Basin and 
encompasses large parts of New York, Pennsylvania, and West Virginia and extends into Ohio, 
Maryland, and Virginia. Development includes land alteration in the interest of creating of 
access roads, gathering lines, storage areas, and a well pad site, affecting approximately 9 acres 
of forested area per well pad installation (Johnson et al., 2010). Decreases in forest coverage can 
increase surface water runoff and potentially alter the hydrological regimes of nearby streams, 
causing increased deposition of fine sediment particles (e.g., silt and clay) and altered 
physiochemical characteristics (e.g., temperature and dissolved oxygen) (Kiviat, 2013; Allen et 
al., 2003). This may change nutrient inputs associated with fine sediments and water conditions 
suitable for sustaining resident biotic communities, and pollutants associated with fine sediments 
and dissolved organic matter may be delivered to streams via runoff where they are introduced to 
 
2 
stream microbial communities. (Eggleton & Thomas, 2004). Anthropogenic pollutants 
introduced to stream microbial communities may affect microbial respiration in sediments as 
well as biofilm and sediment bacterial community composition (Hill et al., 2002; Feris et al., 
2003; Ancion et al., 2013). Headwater stream ecosystems undergoing deforestation may 
experience shifts in heterotrophic and autotrophic activity, disrupting food web linkages to 
terrestrial ecosystems by altering the availability of allochthonous carbon in headwater streams 
(England & Rosemond, 2004; Bengtsson et al., 2018). As a result, heterotrophic bacteria may 
rely more on autochthonous organic compounds produced within the stream by phytoplankton or 
autotrophic organisms in biofilms. This challenges the River Continuum Concept (RCC) which 
states that headwater stream food webs are supported by allochthonous inputs due to high forest 
coverage and limited light to support autochthonous production by algae (Vannote et al., 1980). 
Following well pad borehole creation, fracturing fluid containing chemical additives and 
propping agents is injected into the borehole at high pressure, fracturing the shale formation. In 
the Appalachian Basin, up to 36,620 m3 of fracturing fluid is used per well (Gallegos et al., 
2015). Water required for fracturing fluid may be extracted from groundwater reserves in close 
proximity to the operation, lowering the water table and altering hydrologic flows of nearby 
streams (Brittingham et al., 2014). When injected fracturing fluid returns to the surface via the 
borehole, the flowback water carries some naturally occurring water from within the shale 
formation. After most of the injected fluids have returned to the surface, produced water from the 
well is dominated by the aqueous geochemistry of the shale formation. This "produced water” is 
a hypersaline brine that contains hydrocarbons, oil, bitumen, barium, strontium, radioactive 
radium, arsenic, and selenium. The total dissolved salt content of produced water exiting the 
Marcellus Shale formation can be up to 180,000 mg/L, making it roughly 7 times saltier than 
seawater (25,000 mg/L) (Vengosh et al., 2014). It is predicted that UOG production in the United 
States will double by 2035 and the practice will continue to spread globally (Vengosh et al., 
2014). The impacts of UOG development, due to land alteration or spills of produced water, on 
surrounding freshwater ecosystems is not well understood due to the recent origination of UOG 
extraction methods.  
The aim of this study was to determine if and how unconventional oil and gas 
development impacts stream health by examining microbial community composition and 
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function.  We hypothesized that streams with high levels of UOG development would have 
altered biodiversity and impaired function due to changes in stream and/or sediment 
physiochemical properties associated with UOG development. To accomplish our aim, we used a 
dual pronged approach consisting of a laboratory microcosm experiment to test the effects of 
produced water on sediment communities and a survey of streams experiencing varying levels of 
watershed UOG development. 
Methods 
The laboratory microcosm study simulated stream contamination with produced water, a 
byproduct of UOG operations (Vengosh et al., 2014), using sediment from three freshwater 
streams (one with high water-quality and two with low water-quality). For the survey study, 
sediment and biofilm samples were collected from 20 streams with UOG development and 7 
reference streams. In both studies, microbial activity was assessed by measuring the production 
of CO2 (aerobic and anaerobic) and CH4 (anaerobic), and prokaryotic community composition 
was examined via Illumina amplicon sequencing of the 16S rRNA gene. 
Survey Study: Site selection and sampling 
Forested headwater streams were selected as study sites (n=27) and had either UOG 
development within their watershed (n = 20) or did not have any influence of UOG development 
(n = 7). At the time of sampling, researchers were unaware of impact status. Sites were sampled 
during baseflow conditions in July and August of 2019. Along the stream bank, 3 sediment cores 
(~500g soil) were collected below water level similar to Trexler et al., (2014) using a 1-inch soil 
corer, and 5 mL of biofilm was collected from the stream substrate at each study site by 
removing cobble from riffles, runs, shallow pools, and nearshore habitats and collecting biofilm 
through abrasion using a laboratory spatula and similar to Lear et al., (2008). Additionally, 1 L of 
stream water was collected mid-stream using a sterile container. Sediment cores were 
homogenized and used for sediment characterization and microbial analyses. Sediment, water, 
and biofilm samples were transported on ice until lab processing.  
The intensity of UOG development in each watershed was quantified by landscape 
mapping. Parameters of interest included the number of well pads, acres of pipeline, and land use 
 
4 
associated with UOG development. Watershed data also included coal mining records to control 
for compounded impact of UOG activity and mining.  
Survey Study: Steam Water Chemistry 
Stream water conductivity, temperature, and pH were determined during field sampling 
using a hand-held probe (YSI 650 equipped with a 600XL sonde Yellow Springs Instruments, 
Yellow Springs, Ohio). Water oxidation-reduction potential was determined during lab 
processing using handheld probe FiveGo F2 (Mettler Toledo, (Columbus, Ohio)). A single 
filtered sample was obtained using a Nalgene filtration device with a 0.45 μm mixed cellulose-
ester membrane filter. This sample was used to measure Al, Ca, Fe, Mg, Mn, K, Na, Sr, Zn (EPA 
method 200.7) as well as Ba, Cd, Cr, Ni and Se. (EPA method 200.8). Three unfiltered samples 
were obtained and used to measure Br-, Cl-, SO4
2- (EPA method 300.0), N (NO2
- and NO3
-) (EPA 
method SM4110B-2000), total P (EPA method SM4500-P BE-1999), total dissolved solids 
(TDS) (EPA method SM2540 C-1997), and total and bicarbonate alkalinity (EPA method 
SM2320 B-1997). Samples were stored at 4oC until analysis by an NELAP accredited laboratory 
(Pace Analytical Services, WV). Method detection limit (MDL) was reported in mg/L for all 
analyses. Al (0.006), Ca, Mg, and K (0.050), Fe (0.010), Mn (0.003), Na (0.100), Sr (0.001), Zn 
(0.004), Ba (0.0020), Cd (0.00005), Cr, Ni, and Se (0.0010), Br- (0.05), Cl- (0.20) , SO4
2- (1.00), 
N (0.150), total P (0.01), TDS (5), and bicarbonate alkalinity (1.0).  
Survey Study: Sediment Characterization 
Particle size analysis of stream sediment was assessed using the hydrometer method 
adapted from the Kellogg Biological Station Long-Term Ecological Research Particle Size 
Analysis for Soil Texture Determination Protocol (Hydrometer Method) (2008).  Briefly, 
sediment (50g) was air-dried and pulverized to pass through a < 2mm sieve and 250mL of 
deionized water and 20mL of sodium hexametaphosphate was then added to the sediment. The 
suspension was transferred to a sedimentation cylinder where deionized water and a hydrometer 
was added to bring the total volume to 1L. The hydrometer was removed, and the mixture was 
capped and mixed several times through inversion. After mixing, the hydrometer was inserted, 
and after 30 seconds, the hydrometer was read. This was repeated three times to determine sand 
content. On the third read, the hydrometer remained in the cylinder. After two hours, a final 
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measurement was recorded to determine silt content, and the difference between 100 percent and 
the sum of the percentage of sand and silt content was calculated as clay content. Percent organic 
matter was determined by measuring mass loss on ignition after combustion at 500°C for 5.5 
hours (Morrissey et al., 2013). Stream sediment oxidation-reduction potential, pH, and 
conductivity were measured using handheld probes during lab processing (oxidation-reduction 
potential and pH, FiveGo F2 (Mettler Toledo, (Columbus, Ohio)); conductivity, Pocket Pro 
(Hach, Loveland Colorado).  
Microbial function was assessed by measuring aerobic and anaerobic stream sediment 
heterotrophic respiration rates in laboratory microcosms (sensu Neubauer et al., 2005). Briefly, 
moist sediment (7.0 ± 0.2g) was combined with 7 mL of sterilized stream water (0.22 µm nylon 
membrane filter) collected in concert with the sediment in a 164 mL sterile serum bottle at 22°C. 
If measuring anaerobic respiration, the headspace was flushed with N2 for at least two minutes, 
and sterilized stream water was deoxygenated in capped sterile serum bottles for at least 2 
minutes. Gas samples were taken at 0, 24, and 48 hours. Respiration rates were linear, with 
average r2 > 0.93 (aerobic CO2), 0.83 (anaerobic CO2), and 0.78 (anaerobic CH4). 
Microcosm Experiment: Site selection and sample collection 
To determine the effect of produced water on sediments, three streams were selected to 
represent systems of varying water quality. Sites were selected using ten years of historical data 
obtained from 3 Rivers QUEST (https://3riversquest.wvu.edu/). The three sites included a high 
water quality stream (White Day) and two streams with lower water quality (Ten Mile and 
Whitely). Streams of varying water quality were selected to determine the effect of produced 
water on sediments exposed to varying environmental conditions. Three reaches (10m) were 
established on each stream, within each reach a minimum of three sediment cores were collected 
to achieve ~500g of sediment. Approximately 5 gallons of water was collected at each site from 
mid-stream using sterile containers. Sediment and water samples were transported on ice until 
lab processing. Sediment samples from each reach were homogenized.  
Produced water was obtained from West Virginia University’s Water Research Institute 
and originated from Marcellus Shale Energy and Environmental Laboratory Well 3H on May 6, 
2019. The produced water sample was determined to have the following chemistry reported in 
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mg/L unless otherwise stated: Br (617.86), SO4 (<0.33), Cl (66,022.00), TDS(111,724.00), Total 
suspended solids (76.00), Alkalinity (0.68), Ba (4,802.14), Ca (10,305.11), Fe (114.87), K 
(212.06), Li (30.09), Mg (967.17), Mn (4.63), Na (21.416.37), Sr (2,090.63), conductivity 
138.300.00 (µS/cm), pH 5.92. Water chemistry was reported by the National Research Center for 
Coal and Energy using EPA protocols as described above for the survey study.  
Microcosm Experiment: Laboratory Treatments and Conditions 
To determine the effect of produced water on sediment prokaryotic communities, 
laboratory microcosms were established under aerobic and anaerobic conditions with three levels 
of produced water (0%, 0.5%, 5%). Stream water from each site was filter sterilized using a 0.22 
µm nylon membrane filter paper then combined with filter sterilized produced water to create 
treatments of 0%, 0.5%, and 5% produced water. Moist sediment from each sampling reach (20 
± 0.2g) of each stream was combined with 20mL of each treatment in 164mL sterile serum 
bottles. The serum bottle headspace was flushed with N2 for at least two minutes if under 
anaerobic conditions.  
Microcosms were stored in the dark at 22°C with headspace gas sampling and treatment 
water replacements every 3-4 days for three weeks (Yakimov et al., 2005; Kelly et al., 1999). 
Treatment water was refreshed by removing 10 mL of overlying water and adding 10 mL of 
newly made treatment water. If under aerobic conditions, treatment replacements were 
conducted by removing microcosm caps to allow the headspace to exchange with atmospheric 
CO2 and recapped once the replacement was made. Anaerobic microcosms were maintained by 
removing and replacing treatment water from sealed serum bottles using sterile syringes. After 
gas sampling, anaerobic headspaces were flushed with N2 for at least two minutes to return the 
headspace gas to a known concentration prior to treatment water replacement. Replacement 
treatment water was deoxygenated by flushing with N2 for at least two minutes and added to 
microcosms using sterile syringes. After the three-week incubation, sediment from microcosms 
was collected using sterile spatulas and stored in sterile Whirl-pak bags at -20°C until DNA 
extraction. 
Gas Sampling and Analysis 
Aerobic CO2 production was measured by injecting 10 mL of air and extracting 10 mL of 
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headspace. If measuring anaerobic respiration, 60 mL of N2 was injected and 60 mL of 
headspace was removed. After collection, aerobic samples were immediately run on a LICOR 
LI-6400 fitted with a trace gas sampling kit (LI-COR, Lincoln, NE) to measure CO2 
concentration, and anaerobic samples were run on a Piccaro G2201-I (Picarro Inc., Santa Clara, 
CA) to measure CO2 and CH4 concentrations. Headspace carbon gas concentrations were 
calculated through comparison to a standard curve of known CO2 concentrations (0 ppm, 
400ppm, 1,000ppm, and 50,000ppm), and CH4 concentrations (0 ppm, 10ppm and 100ppm).  
 
Analysis of Microbial Community Composition  
The Qiagen PowerSoil DNA Isolation Kit (Carlsbad, CA, USA) was used for sediment 
and biofilm DNA extractions per the manufacturer's instructions. The purity and concentration of 
the DNA was assessed through PicoGreen assay using Biotek Synergy HTX Multi-Mode 
MicroPlate Reader (BioTek Instruments Inc., Winooski, VT). All reactions were performed in 
triplicate, and the final reaction volume consisted of 1 μL of DNA template, 10μL PicoGreen 
(manufacturer) and 9μL 1X TE buffer. Final extracts were stored at −20°C. Microbial 
community composition was analyzed by targeting the hypervariable V4 region of the 16S rRNA 
gene. Batch normalization of qPCR products was performed using Invitrogen SequalPrep DNA 
Normalization plates (Applied Biosystems™, Waltham, Massachusetts, USA), and AMPureXP 
magnetic beads (Beckman Coulter, Brea, CA, USA) were used to pool and cleanup recovered 
products. Sequencing was performed on a MiSeq standard v2 flow cell in a 2x250bp paired end 
format. Illumina Real Time Analysis (RTA) (v1.18.54) was used for base calling (RTSF 
Genomics Core, Michigan State University, MI).  
Statistical Analyses  
To analyze microbial community data, the 16S rRNA gene amplicon forward and reverse 
sequences were imported in to QIIME2 (2019.7; Bolyen et al., 2019). Reads were demultiplexed 
and merged using VSEARCH to produce paired-end reads (Rognes et al., 2016). Sequences were 
quality filtered using a quality score of 20 to remove bases from the dataset that had less than 99 
percent certainty. Deblur was then used to correct amplicon sequence errors and filter chimeric 
sequences (Amir et al., 2017). DNA sequences from the resulting amplicon sequence variants 
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(ASVs) were then matched to their respective taxon using the QIIME2 feature classifier 
(classify-sklearn; Bokulich et al., 2018) ASVs were used to calculate α and β diversity metrics.  
For the survey study, streams were classified based on level of impact using GIS data 
collected on May 11, 2020 from West Virginia Geological and Economic Survey’s oil and gas 
well database. UOG development was quantified in the local catchment of the stream using the 
acres of pipeline, number of complete wells, and land use classified as Oil and Gas Barren. 
Streams with no UOG development were considered non-impacted, impacted streams had below 
average development occurring within the local watershed, and highly impacted streams had 
above average development (defined as pipeline area > 106.9, number of completed wells > 
24.8, or acres of Oil and Gas Barren > 23,288) occurring within the local watershed. Data 
distribution was determined using Shapiro-Wilk Normality Test (‘shapiro.test’ function, 
Royston, 1982a, 1982b, 1985). Depending on data distribution, either analysis of variance 
(ANOVA; ‘aov’ function, Chambers, 1992) along with Least Significant Difference post hoc 
(‘LSD.test’ function in the ‘aricolae’ package; Steel & Torrie, 1986, De Mendiburu 2020) or 
Kruskal-Wallis Rank Sum Test (‘kruskal.test’ function in the ‘agricolae’ package; Hollander & 
Wolfe, 1973), along with Dunn’s Kruskal-Wallis Multiple Comparisons post hoc (‘dunnTest’ 
function in the “FSA” package; Dunn, 1964, Ogle et al., 2020) was used for univariate response 
variables (e.g. respiration) in the survey and microcosm study. Additionally, Bartlett (parametric, 
‘bartlett.test’ function, Bartlett, 1937) or Fligner-Killeen (non-parametric, ‘fligner.test’ function, 
Conover et al., 1981) test of Homogeneity of Variances was applied to data depending on 
distribution to assess group variances in the survey study. Relationships between metrics of UOG 
development intensity and environmental and microbial community parameters was explored 
using Spearman correlation. Bray-Curtis dissimilarities (in the relative abundance of ASVs) was 
used to discern differences in community composition with respect to impact status in the survey 
study and treatments in the microcosm study using permutational multivariate analysis of 
variance (PerMAONVA; ‘adonis’ function in the ‘vegan’ package; Oksanen et al., 2019, 
Anderson, 2001, Excoffier et al., 1992, Legendre & Anderson, 1999, McArdle & Anderson, 
2001, Warton et al., 2012; Anderson, 2017). Bray-Curtis dissimilarities were visualized using 
principal coordinates analysis (PCoA) and used to assess within group β-diversity in the survey 
study. Shannon diversity index was determined to assess α-diversity (‘diversity’ function in the 
‘vegan’ package; Fisher et al., 1943, Hurlbert, 1971). Indicator species analysis was performed to 
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identify families whose relative abundance was significantly different from at least one other 
impact level using the ‘indval’ function in the ‘labdsv’ package (Roberts, 2019; Dufrêne & 
Legendre, 1997). The mean relative abundances of these taxa were used to calculate a response 
ratio as a way to visualize the effect of UOG development on each organism (Lajeunesse, 2011). 
All statistical analyses were performed in R version 3.6.3 (R Core Team, 2020). 
Results  
Produced Water Microcosm Experiment 
Many water physiochemical properties differed significantly between the three streams 
utilized for the microcosm study (Table 1). In general, White Day (WD) creek had the best water 
quality with low concentrations of dissolved ions, total dissolved solids, conductivity and 
alkalinity while Ten Mile (TE) creek was intermediate and Whitely (WH) creek exhibited the 
highest values for these parameters. The addition of produced water had a negative effect on 
microbial aerobic and anaerobic CO2 production in sediment from the high water-quality stream 
(WD) but a positive effect on this microbial activity in the sediments obtained from the low 
water-quality streams (WH & TE, Fig. 1). Effects were similar for both the low (0.5 mg L-1) and 
high (5 mg L-1) concentrations of produced water. The influence of produced water on microbial 
CH4 production was more variable (Fig. 1). Microbial community composition differed 
significantly between streams (PerMANOVA, p=0.001). While produced water did not 
significantly alter overall community composition (PerMANOVA, p=0.082), the relative 
abundance of thirty-three families changed significantly following the addition of produced 
water and were identified as indicators of treatment (Fig. 2, Indval, p<0.01). Seventeen families 
responded negatively to produced water, while sixteen responded positively to either the low (0.5 
mg L-1) or high (5 mg L-1) concentration of produced water when considering both aerobic and 
anaerobic conditions. 
Survey of Streams in Response to Watershed UOG Development 
A total of 27 streams were sampled and classified as non-impacted, impacted, or highly 
impacted based on the level of UOG development within the local watershed. Alkalinity was 
highest in impacted sites compared to those that were highly impacted and non-impacted (Table 
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2, ANOVA, p<0.01), as was TDS and calcium (Table 2, Kruskal-Wallis, p<0.05 and p<0.01, 
respectively). Differences in variance between groups were observed for chloride concentrations 
in stream water (Fligner-Killeen, p<0.05) and sediment pH (Bartlett’s K-squared, p<0.05).  
These differences are due to high chloride levels in some impacted streams not observed in the 
highly impacted and non-impacted streams and elevated sediment pH values in some highly 
impacted streams that were not observed in streams in the other two groups. Water temperature 
was greatest in highly impacted sites (Table 2, ANOVA, p<0.01).  
Microbial community composition and function differed between impact levels. Aerobic 
and anaerobic CO2 production was higher in impacted streams compared to non-impacted 
streams (Fig. 3, Kruskal-Wallis, ANOVA, p<0.05). Biofilm and sediment prokaryotic 
community composition differed between groups (PerMANOVA, p=0.003 and p=0.029, 
respectively), and sediment within-group β-diversity was more variable in highly impacted 
streams compared to those that were non-impacted (Fig. 4E, ANOVA, p<0.01). These effects 
can be visualized on the principal coordinate analysis plot (PCoA) as highly impacted 
communities are shifted away from, or more dispersed than the non-impacted communities (Fig 
4 A and D, respectively). Biofilm diversity was more variable in highly impacted sites (Fig. 4C 
Fligner-Killeen, p<0.05) as some highly impacted streams displayed scores much lower than any 
of the impacted and non-impacted streams.  
The sand content of stream sediments was negatively correlated with acres of UOG 
pipeline. Accordingly, the silt and clay content of stream sediments was positively correlated 
with the acres of UOG pipeline occurring within watersheds (Fig. 5). These changes in sediment 
texture covaried with microbial variables. Silt content was positively correlated with aerobic and 
anaerobic CO2 production while sand content was negatively correlated aerobic respiration (Fig. 
5). Both sediment clay and sand contents covaried with biofilm community composition. Beyond 
sediment texture, water temperature was positively correlated with local oil and gas development 
in watersheds and covaried with biofilm community composition (Fig. 5). In stream sediments, 
community composition (represented by PCoA Axis 2) covaried with respiration as some 
impacted and highly impacted streams had high respiration and changes in composition (Fig. 6).  
In order to identify indicators of UOG development, indicator taxa analysis was 
performed. Indicators were identified for all three impact categories for both biofilm and 
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sediment communities. The relative abundance of thirty-one taxonomic families was lower in 
sites when UOG development was present in the watershed, while the relative abundance of 
thirty-four families was highest in the impacted streams while only two families were indicators 
of the highly impacted streams (Fig. 7, indval, p<0.01). 
Discussion 
UOG development requires land alteration to construct well pads, pipeline, access roads, 
and gathering lines. These land alterations, which reduce forest coverage, could impact streams 
by altering light availability or changing sediment delivery. Likewise, leaks or spills of produced 
water during UOG extraction activities could contaminate streams with organic compounds and 
salts (Vengosh et al., 2014), potentially impacting biological systems. We conducted a 
microcosm study exposing sediments to produced water and a survey study to assess the effects 
of UOG development on stream microbial community composition and function. We sought to 
compare microcosm study findings to survey study data in order to explore the possibility that 
the observed differences between impact groups in the survey study may be attributed to 
produced water entering streams.   
The addition of produced water to sediment microcosms produced effects on microbial 
metabolic activity that were dependent on site (Fig. 1). Increased activity in lower water-quality 
streams suggests microbial communities in these streams (WH and TE) may be able to utilize 
organic compounds present in produced water such as oil, bitumen, and hydrocarbon 
condensates (Vengosh et al., 2014), potentially due to previous exposure. Alternatively, the 
increases in activity in lower water-quality streams may also be attributed to the release of 
dissolved organic carbon (DOC) from sediment facilitated by salts in produced water (Reemtsma 
et al., 1999). Microorganisms in the lower water-quality streams may be salt-tolerant due to 
relatively high concentrations of dissolved ions in these streams, this salt tolerance would allow 
them to use released DOC for metabolism. In contrast, microbial activity in the higher water-
quality stream was inhibited by produce water, potentially due to salt intolerance (Wichern et al., 
2006, Wong et al., 2008). 
While produced water did not significantly change overall prokaryotic community 
composition; several families, identified as significant indicator taxa (Fig. 2), were responsive to 
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the treatments. Our results suggest produced water affected the aerobic and anaerobic 
microcosms differently as there was little overlap in the indicator taxa under these two 
conditions. The indicator taxa that responded positively to produced water, such as 
Sphingomonadaceae and Methylomirabilaceae, may be benefitting from compounds present in 
produced water. For example, some members of the family Sphingomonadaceae are known to 
degrade hydrocarbon compounds, including those present in produced water (Vengosh et al., 
2014; Leys et al., 2004). Similarly, members of Methylomirabilaceae are anaerobic methane 
oxidizers (Versantvoot et al., 2018) and may have consumed methane present in produced water 
during our experiment. While most of the indicator taxa differed between the anaerobic and 
aerobic conditions, Sphingomonadaceae responded positively and Gemmatimonadaceae 
responded negatively to produced water regardless of oxygen availability suggesting it may be 
appropriate to use these families as a bioindicators of produced water contamination in streams. 
The survey of stream responses to watershed UOG development revealed no evidence of 
stream contamination with produced water. First, stream water chemistry in impacted and highly 
impacted streams (Table 2) was not consistent with the composition of produced water, which 
has elevated levels of barium and strontium (Vengosh et al., 2014). Secondly, there was no 
overlap in indicator taxa between the microcosm experiment and survey study (Fig. 2 and 7). 
Further, while impacts of UOG development were observed, correlations between microbial and 
environmental variables suggest these changes are likely due to other mechanisms of UOG 
impact. Lack of evidence for stream contamination with produced water suggests the efforts to 
mange produced water on site during UOG development, including on-site containment, blowout 
preventers, and waste transportation plans (Ziemkiewicz et al., 2014) may be effectively 
preventing spills and leaks into headwater streams. 
Taken together, our stream survey results suggest that UOG impacts derive mostly from 
deforestation and land disturbance. Deforestation raises the water table and depletes chloride 
stocks in groundwater (Cook et al., 1989; Giménez et al., 2016). Because groundwater chloride 
concentrations are closely linked to that of stream water (Bernal et al., 2015), the lower chloride 
levels in highly impacted sites (Table 2) is likely a consequence of deforestation in these 
watersheds. Stream water temperature was also significantly elevated in highly impacted sites 
(Table 2), and previous research suggests that streams located in deforested watersheds 
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experience greater mean temperatures compared to those in forested watersheds (Ilha et al., 
2018). This is most likely due to decreased riparian forest cover, which increases light 
availability to streams. We found a correlation between biofilm community composition and 
temperature (Fig. 5). While temperature could influence composition directly, the relationship is 
more likely a consequence of changes in light availability (Bengtsson et al., 2018). Because 
many organisms within biofilm matrices are phototrophic, assemblage structure is partially 
controlled by light (Battin et al., 2016). While biofilm diversity was not significantly lower, 
some highly impacted streams with elevated water temperatures had comparatively low biofilm 
diversity (Fig 4C, Fig 5). This agrees with previous research suggesting that increased light 
availability is followed by a decrease in biofilm heterotrophic bacteria (Bengtsson et al., 2018). 
Verrucomicrobia, a family identified in the indicator species analysis (Fig. 7), decreased in 
abundance in impacted and highly impacted streams. Previous research suggests that 
Verrucomicrobia is an early colonizer of some aquatic substrates (Bengtsson et al., 2010). The 
lower abundance of this family in impacted and highly impacted streams may impede 
colonization of biofilms in those streams, impacting organic matter degradation and disrupting 
the carbon cycle. Changes in bacterial abundance have also been documented to be accompanied 
by a shift from allochthonous to autochthonous carbon utilization. Heterotrophic bacteria present 
in biofilms preferentially process labile autochthonous carbon made available by increased algal 
exudation under increased light availability in lieu of recalcitrant allochthonous carbon from 
terrestrial sources (Wagner et al., 2017) potentially altering biofilm bacterial community 
composition (Attermeyer et al., 2015). Preferential processing of autochthonous carbon may 
influence carbon fluxes as there is evidence that the presence of labile carbon in freshwater 
aquatic systems does not promote priming of allochthonous carbon (Wagner et al., 2017; Catalán 
et al., 2015). Changes in the production, availability, and decomposition of autochthonous and 
allochthonous carbon may alter carbon transfer from heterotrophic bacteria to higher trophic 
levels (Wagner et al., 2017; Collins et al., 2016). In streams experiencing reduced canopy cover, 
biofilm-consuming macroinvertebrates increase in abundance (Hawkins et al., 1982). This is 
likely due to increased primary production, which may be attributed to increased light 
availability. An increase in high-quality algal biomass and detritus may be available to 
macroinvertebrates for consumption as a result of increased primary production. Despite an 
increase in the abundance of some macroinvertebrates in response to increased light availability, 
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it is possible that some biofilm-consuming macroinvertebrates are excluded from feeding areas, 
causing a decrease in abundance. For example, scrapers, which consume biofilm on rock 
surfaces, may be prevented from accessing their food source as increased light availability may 
allow for the formation of thick biofilm on stream rocks.  
 Acres of pipeline was correlated with changes in sediment texture in streams (Fig. 5). 
Specifically, pipeline area was positively correlated with silt and clay and negatively correlated 
with sand content. While not statistically significant, our results indicate that impacted and 
highly impacted streams generally displayed higher amounts of silt and clay, whereas the non-
impacted reference streams typically had higher amounts of sand (Table 2). It is possible that 
impacted and highly impacted streams have different sediment grain size proportions compared 
to non-impacted streams because rainfall transports silt and clay particles to streams after being 
exposed during development. These finer sediments are likely being delivered to impacted and 
highly impacted streams located in deforested watersheds because runoff transports silt and clay 
greater distances than sand (Meyer et al., 1995). Increased amounts of clay in streams decreases 
light penetration which decreases algal biomass and primary production as biofilms become 
entrapped in clay (Davies-Colley et al., 1992). The entrapment of biofilms in clay particles and 
decreased light penetration may explain the correlation between biofilm community composition 
and percent clay in our study (Fig. 5). Clay may also decrease water movement within biofilm 
matrices, creating anaerobic environments. This may explain why Anaerolineaceae, an anaerobic 
bacterium (Mcllroy et al., 2017), was an indicator of impact and more abundant in UOG 
developed groups (Fig. 7). Further, hydrologic connectivity of ground and surface water is 
critical to nutrient regulation in streams, and regulation is dependent upon the degree of 
connectivity. Fine sediments (e.g. silt and clay) cause blockages and decreases connectivity, 
whereas coarse sediments (e.g. sandy) allow for the greatest connectivity (Li et al., 2020). Coarse 
sediments allow for the delivery of more nutrients to surface water, whereas blockages caused by 
clay reduces connectivity and prevents delivery (Perujo et al., 2017). This influences nutrient 
availability to microorganisms in streams biofilms (Perujo et al., 2017) and may further explain 
our correlations between sediment grain size and biofilm community composition. 
Sediment texture also displayed correlations with sediment microbial activity. Sand 
content was negatively correlated with aerobic CO2 production, while both aerobic and anaerobic 
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CO2 production were positively correlated with silt content (Fig. 5). These correlations agree 
with previous studies that demonstrated higher microbial respiration rates in finer textured soils 
compared to sandy soils (Dilustro et al., 2005; Hamarashid et al., 2010; Bouma & Bryla, 2000). 
Changes in silt content could underlie the augmented aerobic and anaerobic CO2 production in 
the impacted streams sediments (Fig 3) since they also had the greatest average silt content 
(Table 2). Fine textured sediments likely have higher organic matter concentrations associated 
with them (Christensen & Sørensen, 1985), which may explain the higher respiration rates 
observed in the impacted sites. Alternatively, enhanced respiration rates in the impacted and 
highly impacted streams could be a consequence of environmental stress. Microbes exhibit 
increased respiration per unit biomass (Metabolic quotient) in disturbed environments (Anderson 
& Domsch, 1993), presumably due to greater energy expenditure toward maintenance rather than 
growth (Ely et al., 2010). Enhanced microbial activity and reduced diffusion with fine sediments 
can both lower benthic oxygen levels potentially impacting higher trophic levels. Indeed, greater 
amounts of fine textured sediments in streams has been shown to have negative impacts on 
macroinvertebrate diversity and density (Lawrence & Ward, 1982; Couceiro et al., 2009), 
possibly due to lower levels of dissolved oxygen in stream sediments (Tagart 1984). 
Sediment and biofilm community composition differed by impact status. Highly 
impacted streams had more variable β-diversity in sediment communities and α-diversity biofilm 
communities (Fig. 4E and C, respectively). Some impacted and highly impacted streams were 
very different from non-impacted streams, which explains this variability. It is possible that 
deviant impacted and highly impacted streams have differing landscape attributes, such as slope 
and hydrology, that may be determining sediment and nutrient delivery (Sheridan & Loch, 2003; 
Sheridan & Noske, 2007) and augmenting the impact of UOG development. Along the same 
lines, UOG development may have a disproportionate impact on some stream segments in the 
local catchment due to proximity or topography. Since we only sampled a small stream reach 
within catchments, our sampling effort may have been insufficient to consistently detect the 
impacts of UOG. This may explain why some communities in impacted and highly impacted 
streams did not display differences from non-impacted streams, while others were very distinct. 
In the survey study, impacted streams generally had poorer water quality (elevated EC, 
TDS and Alkalinity, and Calcium, Table 2) and increased respiration (Fig. 3), relative to the 
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highly impacted sites. Development in impacted watersheds may be contributing to the observed 
changes in water chemistry and respiration via elevated organic matter delivery associated with 
fine textured sediments. Future research should focus on streams whose watersheds are 
predominantly impacted by UOG pipeline, UOG wells, or land use classified as oil and gas 
barren to fully understand which observed impacts may be attributed to specific types of UOG 
development. When selecting sampling locations, effort should be placed on minimizing spatial 
variability between sampling points and nearby UOG development. Watershed attributes, such as 
slope, should be characterized to determine how it may augment the impact of UOG 
development on streams. Lastly, in addition to the analyses performed in this study, future 
studies should determine stream sediment chemistry. This could allow for the discovery of 
further environmental changes that may be attributed to UOG development and how they may 
influence microbial community composition and function. 
The sensitivity of microorganisms to environmental conditions, along with the ease and 
affordability of modern sequencing, has led to burgeoning interest in the use microorganisms as 
indicators of water quality (Proia et al., 2012, Staly et al., 2014, Tan et al., 2015). We observed a 
decline in the relative abundance of many bacterial families in response to both UOG impact 
levels (Fig. 7). This suggests that microorganisms are sensitive to the environmental changes 
related to UOG development and may serve as effective bioindicators of ecosystem effects 
associated with these operations. Flavobacteriaceae and Acidimicrobiia fm., in sediment and 
biofilm samples, respectively, had particularly strong responses to UOG development (Fig. 7), 
suggesting they may be useful indicators of UOG associated impacts.   
Conclusion 
The results of the survey study indicate that UOG development impacts headwater 
streams. Our results suggest that impacts are not from produced water but likely derive from land 
disturbance and deforestation associated with UOG development. Shifts in sediment texture were 
associated with altered biofilm community composition and sediment community function. 
Deforestation associated with constructing UOG infrastructure potentially allows more light to 
reach streams by reducing canopy cover. Increased temperature, likely due to increased light 
availability, appears to alter biofilm diversity and composition. These changes may shift carbon 
utilization, influence decomposition rates, and alter carbon transfer to higher trophic levels, 
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thereby changing broader ecosystem function. Attempts should be made to leave riparian zone 
vegetation intact and prevent soil runoff during UOG development as means to mitigate stream 















Table 1 Mean ± SD of water physiochemical properties for streams used in the microcosm 
experiment. Ten Mile and Whitely were averaged using monthly values since 2009, while White 
Day was averaged using monthly values since 2010. Values with differing accompanying letters 
are significantly different. Concentrations below detection limit were excluded from analyses 













Table 2 Mean ± SD of stream sediment and water physiochemical properties by impact level. 
Lower case letters indicate significant differences (ANOVA and Fisher’s Least Significant 










Figure 1 Percent change in aerobic CO2 (A), anaerobic CO2 (B) and anaerobic CH4 (C) 
production in response to 0.5% and 5% produced water addition relative to microcosms that did 
not receive any produced water. Effects were examined in three streams: White Day (WD), 
Whitely (WH) and Ten Mile (TE). Significant differences between sites are indicated by 







Figure 2 Response ratio reflecting changes in the relative abundance of indicator families in 
aerobic (A) and anaerobic (B) microcosm sediments in response to 0.5% (lighter shade) and 5% 
(darker shade) produced water. Families were identified as indicators of 0% (red), 0.5% (brown), 













Figure 3 Box plots of aerobic (A) and anaerobic (B) CO2 production by stream sediments from 






Figure 4 Community composition of biofilm (top row) and sediment (bottom row) in non-
impacted (no fill), impacted (lighter color), and highly impacted (darker color) streams 
represented by PCoA plots (A and D), within group β-diversity (B and E), and Shannon 
Diversity Index (C and F). Fisher’s Least Significant Difference (LSD) Test in Analysis of 
Variance (ANOVA) indicated that the within group β-diversity of sediment in highly impacted 
streams was significantly different than that of non-impacted streams (lowercase letters). Fligner-
Killeen Test of Homogeneity of Variances revealed greater variance in the Shannon Diversity 












Figure 5 Spearman correlation matrix of sediment and water physiochemical properties, 







Figure 6 Correlation of aerobic (A) and anaerobic (B) CO2 production and sediment microbial 




Figure 7 Response ratio reflecting changes in the relative abundance of families in impacted 
(lighter shade) and highly impacted (darker shade) streams relative to non-impacted streams.  
Indicators identified using the Dufrêne-Legendre Indicator Species Analysis ( = 0.01) of non-
impacted (A) or impacted and highly impacted (B) streams are shown for sediment (blue) and 
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